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EFFECT OF RADIATION-INDUCED EMISSIONOF SCHOTTKY DEFECTS ON THE FORMATIONOF COLLOIDS IN ALKALI HALIDES
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aNational Science Center Kharkov Institute of Physics and Technology,310108 Kharkov, Ukraine; bSolid State Physics Laboratory, University of Groningen,Nijenborgh 4, NL-9747 AG Groningen, The Netherlands
(Received 12 February 2003; Accepted 10 March 2003)
Formation of vacancy clusters in irradiated crystals is considered taking into account radiation-induced Schottkydefect emission (RSDE) from extended defects. RSDE acts in the opposite direction compared with Frenkel pairproduction, and it results in the radiation-induced recovery processes. In the case of alkali halides, Schottkydefects can be produced as a result of the interaction of extended defects with excitons, as has been suggested bySeitz in 1954. We consider a model that takes into account excitonic mechanisms for the creation of both Frenkeland Schottky defects, and which shows that although the contribution of the latter mechanism to the productionof primary defects may be small, its role in the radiation-induced evolution of microstructure can be verysignificant. The model is applied to describe the evolution of sodium colloids and the formation of voids inNaCl, which is followed by a sudden fracture of the material, presenting a potential problem in rock salt-basednuclear waste repositories. The temperature, dose rate and dose dependence of colloid growth in NaCl dopedwith different types of impurities is analyzed. We have found that colloid growth may become negative below athreshold temperature (or above a threshold dose rate), or below a certain impurity concentration, which isdetermined by the RSDE, that depends strongly on the type and concentration of the impurities. The resultsobtained with the model are compared with experimental observations.
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1 INTRODUCTION
Exposure of crystals to ionizing radiation changes the microstructure as a result of the forma-tion of point defects (PDs) and clusters of PDs, which are referred to as extended defects(EDs). In metals, radiation-induced EDs include voids, gas bubbles and dislocation loops.In another important type of material, alkali halides, irradiation results in the formation ofnano-sized halide ‘‘bubbles’’ by agglomeration of H centers and of the complementary inclu-sions of metallic ‘‘colloids’’ formed by agglomeration of F centers [1–3]. H and F centersare the primary radiation-induced defects in the halide sub-lattice, whereas the cation
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sub-lattice is not damaged in the primary displacement process. The H center is an interstitialhalide ion with a trapped hole, and an F center is a vacancy in the halide sub-lattice with atrapped electron. We have proposed that VF centers (a cation vacancy with a trapped hole)can be created as secondary reaction products as a result of interactions between H centersand dislocations [7–9] and we have developed a model for the evolution of sodium colloidsand chlorine bubbles in NaCl resulting in the formation of voids followed by sudden fractureof the material, which is in qualitative agreement with experimental data [4–6]. An importantexperimental observation that still needs to be clarified is that a majority of impurities stronglyfacilitate the colloid growth as compared to the nominally ‘‘pure’’ crystals (containing about100 appm (atomic parts per million) of unintentional contaminations). In order to explain thisobservation it was necessary to assume that the dislocation density varies by two orders ofmagnitude as a function of the dopant (Fig. 1), which is rather unlikely and it has so farnot been supported by experimental data either.In our model we have assumed (as it is commonly believed) that (i) the primary radiation-induced defects are exclusively Frenkel pairs consisting of H and F centers and (ii) that theyare produced in the bulk crystal. However, as has been suggested recently in [10], the sur-faces of the EDs can act as a source for the production of radiation-induced Schottky defectsthat do not exist in the bulk. A Schottky defect is (1) a single vacancy or (2) a self-interstitialatom (SIA), or (3) a small defect aggregate, which can be ejected from the ED surface and inthat case it does not require a counterpart of the opposite sign in contrast to the bulk produc-tion of Frenkel defects, in which the total numbers of vacancies and SIAs must be equal. By
FIGURE 1 Comparison of the experimental data obtained for the dose dependence of the colloid volume fraction(which is proportional to the latent heat of melting (LHM) of Na) in crystals doped with different impurities andirradiated at 100 C, at a dose rate of 240Mrad=h with theoretical results obtained for different dislocation densities [9].
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this mechanism, EDs can act not only as sinks for Frenkel defects but also as the radiation-induced sources of Schottky defects, which results in a new driving force for the microstruc-tural evolution. We note that it acts in the opposite direction compared with Frenkel pair pro-duction, and it results in radiation-induced recovery.In the present work, radiation-induced emission of Schottky defects from EDs in alkalihalides is considered. This mechanism is based on the interaction of EDs with excitonsproduced by ionizing irradiation, as has been first suggested by Seitz in 1954 [11]. Themechanism is applied to modeling of the evolution of sodium colloids in irradiated NaCl.The temperature, dose rate and the dose dependence of colloid growth in NaCl crystals isconsidered as a function of the dopant type and concentration. It is shown that the colloidgrowth may become negative below a threshold value for the temperature (or above a thresh-old value for the dose rate), or below a certain value of the impurity concentration, whichdepends on the mechanism of radiation-induced Schottky defect emission that dependsstrongly on the type and content of impurities.
2 EXCITONIC PRODUCTION OF FRENKEL AND SCHOTTKY DEFECTS
In a large number of inorganic insulators (halides, hydrides, azides, many silicates, ice, car-bonates, chlorates, bromates) permanent atom displacement occurs as a consequence of elec-tronic excitations generated by the interaction of matter with ionizing radiation [12]. Thisphenomenon is called radiolysis. In alkali halides the deposition of energy by ionizingradiation is much more efficient than the knock-on displacement processes in metals. Theelectronic losses along fast charged particle (and primary knocked on atom) trajectories byfar outweigh the energy transference by mechanical collisions, so most of the particle orquantum energy is available to generate radiolytically induced displacements.The primary products of ionising radiation are the electrons, holes and excitons, the wavefunctions of which spread to reveal a certain spatial distribution [13]. In order to cause atomicdisplacements the energy of the electronic excitations should be dissipated locally. Two typesof localization of the electron and hole orbitals are feasible in solids: trapping by defects andself-trapping. Seitz [11] proposed in 1954 that an electron–hole pair or an exciton, which islocalized near dislocation jogs, might cause movement of dislocation jogs, and as a conse-quence the creation of Schottky defects (i.e., equal numbers of anion (vþa ) and cation (vÿc )vacancies or F and VF centers). Owing to the heat generated locally during the exciton anni-hilation, the jog is assumed to be displaced while a divacancy arises in the lattice. The mainargument against this mechanism was that it would not cause the production of interstitialions, which were observed abundantly. In 1965 Pooley [14] and Hersh [15] suggested inde-pendently that an F–H pair is generated from a self-trapped exciton (STE) in the bulk. This iscalled the Pooley–Hersh mechanism or excitonic mechanism of Frenkel pair production. Asimilar mechanism has been advanced by Lushchik et al. followed by a large number ofexperiments on the creation of Frenkel defects by excitons (see Ref. [16]). Attempts tofind a correlation between the efficiency of defect creation and the number of dislocationshave failed. Therefore, Seitz’s mechanism has been ruled out, and at present it is commonlybelieved that the main mechanism of primary defect production in alkali halides is the exci-tonic (or electron–hole) mechanism of Frenkel pair creation [16].We will now consider a simple model that takes into account excitonic mechanisms forboth Frenkel and Schottky defect creation, which will demonstrate that although the contri-bution of the latter mechanism to the primary defect production may be small, its role in theradiation-induced evolution of microstructure can be very significant.
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The relevant material=model parameters used in this paper have been defined and theirvalues have been given in Table 1.We assume that initially ionizing radiation produces free excitons, which can move with thesame velocity as a thermal electron, i.e. 107 cm=sec. The excitons are presumably scatteredstrongly as a result of interactions with vibrational lattice modes of the crystal and thereforeshow a stochastic diffusion like motion. According to Seitz [11], the mean free path associatedwith this type of scattering is of the order of atomic dimensions, say 10ÿ7 cm, which yields anexciton diffusion coefficient Dfreeex  1 cm2=sec. These freely migrating excitons can becomeeither self-trapped excitons (STE) in the bulk or be trapped at EDs or impurity ions. At lowtemperatures, the STE is immobile and it decays creating a Frenkel pair in the bulk [14, 15]with some probability, PFP. At elevated temperatures, the STE can perform thermally activatedjumps [17, 18] and migrate in the crystal and it can be trapped at an ED or at an impurity ion.Trapping at EDs may result in the creation of Schottky defects [11] while trapping at an impur-ity ion may or may not result in Frenkel pair creation, depending on the type of impurity. Weconsider two types of impurities with respective sink strengths for excitons k2IFP ¼ bexcIFP andk2I0 ¼ bexcI0, where bex is the exciton-impurity recombination constant, and cIFP is the concen-tration of the impurities, at which exciton trapping results in Frenkel pair creation while cI0 isthe concentration of the impurities that trap excitons without producing an FP. Accordingly, therate equation for the mean exciton concentration, cex can be written in a form similar to that ofthe rate equations for PD concentrations during exposure to ionizing radiation [8]:
dcexdt ¼ Kex ÿ cextex ÿ Dexcex(k2ED þ k2I ), k2I ¼ k2IFP ¼ k2I0, k2ED¼
X
S
k2S , S¼C, D, G, (1)
where Kex¼K=Eex is the production rate of excitons, K is the energy absorption rate, Eex isthe exciton creation energy, tex is the exciton lifetime in a perfect crystal before it decays andtransfers its energy to the lattice, k2S is the sink strength of the EDs of type S for excitons, andthe subscript S¼C, D, G corresponds to colloids (three-dimensional sinks), dislocations(linear sinks) and grain boundaries (planar sinks), respectively.The FP production rate in the bulk crystal, K0FP, is given by the product of the probability ofFP creation from the exciton decay in the bulk, PFP, and the exciton decay rate, which corres-ponds to the second term at the right-hand side of Eq. (1). Under steady-state conditions one has
K0FP ¼ cexPFPtex dcex=dt!0ÿ!
KexPFP1þ texDex(k2ED þ k2I ) ¼
KexPFP1þ l2ex(k2ED þ k2I ) , (2)
where lex ¼ (texDex)1=2 is the mean free diffusion path of the exciton i.e. the average displa-cement of the exciton before it decays, which in fact determines the relative efficiency of theFP or the SD production process. lex is determined by the diffusion of the free exciton at lowtemperatures and by STE jump diffusion at elevated temperatures and it may vary from sev-eral to several hundred lattice constants for the different alkali halides [17]. In NaCl the onsetof the jump diffusion of the STE is located at T> 180K, and according to experimental data[18] lex reaches several dozens of atomic spacings at T¼ 350K.The total FP production rate (in the bulk and at impurity traps) is given by
K totFP ¼ cextex þ Dexcexk2IFP
 PFP dcex=dt!0ÿ!KexPFP 1þ l2exk2IFP1þ l2ex(k2ED þ k2I ) , (3)
and the production rate of SDs at EDs of type S is given by
KsS ¼ Dexcexk2SPsS dcex=dt!0ÿ!K0FP PsSPFP l2exk2S , (4)
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where PsS is the probability of SD creation at EDs of type S by a trapped exciton. We willassume that PsS ¼ 1 and that the probability of FP creation from an STE PFP  0:1, which isbased on experimental data indicating that the efficiency of the stable pair production in NaClnever exceeds the value 10% [19].In a pure crystal (i.e. k2I ¼ 0) the loss of excitons at ED has a negligible effect on the FPproduction, and the total production rate of SDs is small compared to the FP production rate
FIGURE 2 Frenkel vs. Schottky production rate as a function of the dislocation density and the concentration ofimpurity ions, CIFP, which can trap excitons and produce Frenkel pairs. The concentrations of the impurity ions,which can trap excitons without producing Frenkel Pairs, CI0, are indicated.
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if l2exk2ED  1. For a typical value of the ED sink strength, k2ED  (1010–1011) cmÿ2, this con-dition is realized for lex < 50b, where b is the atomic spacing. Figure 2 shows the Frenkel vs.Schottky defect production rate at dislocations in NaCl for lex ¼ 20b as a function of the dis-location density and the concentration of the impurity ions. Increasing the concentration ofthe impurities, which can trap excitons and produce FPs, has a negligible effect on the totalFP production rate (Fig. 2c), and it increases the threshold dislocation density below whichthe SD production rate is small compared to the total FP production rate (in the bulk and atimpurities) up to 1011 cmÿ2 (Fig. 2b).This result is consistent with a present day view based on the experimental resultsshowing very little or no correlation between the efficiency of primary defect creation atlow temperatures and the number of dislocations or concentration of impurities [16]. Athigh temperatures (>200K), however, this correlation may be quite significant [17].Figure 2d shows that increasing the concentration of the impurities, which could suppressFP production, would make the Frenkel pair production sensitive to the impurity level. Inthe next section we will show that because SDs are produced in highly localized regionsin close proximity of the surface of EDs, the main consequence of this is a drastic changeof the local equilibrium concentrations of the point defects in the vicinity of the EDs,which in turn determine the growth or shrinkage rate of the EDs.
3 COLLOID GROWTH RATE
The colloid growth (or shrinkage) rate is controlled by the difference of F and H centerinfluxes:
dRCdt ¼ 1RC [ZCFDF (cF ÿ ceqFC)ÿ ZCHDH cH ]: (5)
where ZCF,H are the colloid capture efficiencies for F and H centers, respectively, ceqFC is thelocal equilibrium concentration of F-centers at the colloid surface and cF,H are the meanconcentrations of PDs in the bulk, which are determined by the rate equations [7]
dcF,Hdt ¼ K totFP ÿ k2F,HDF ,H (cF,H ÿ ceqF,H )ÿ br(DF þ DH )cF cH ; (6)k2F,H ¼ ZDF ,Hrd þ ZCF,H4pNC RC , (7)
where K totFP is the generation rate of the F and H pairs, k2F ,H are the sink strengths of the EDs,
br is the constant of the bulk recombination of PDs, NC is the number density of the colloids,
RC is the mean radius of the colloids, rD is the dislocation density and ZDF ,H are the disloca-tion capture efficiencies for F and H centers, respectively, the difference of which is thedriving force for dislocation climb and colloid growth [7], ceqF,H is the statistical average ofthe local equilibrium concentrations at all EDs, which are controlled by the rate of emissionof SDs from the EDs.
3.1 Local Equilibrium Concentrations in the Vicinity of EDs
In conventional theory of rate equations, the local concentrations at the ED surfaces areusually assumed to be determined by thermodynamic equilibrium conditions in the diffusion-
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where jsS is the component of the flux of the point defects along the normal at the ED–matrixinterface, directed towards the ED, o is the atomic volume, vs ¼ Ds=b is the transfer velocityfrom the matrix to the ED or vice versa, where Ds is the diffusivity of the point defects, cs(S)is the local PD concentration near the ED surface, and ceqsS is the local equilibrium concentra-tion, implying that the flux is zero when cs(S) ¼ ceqsS . It is useful to define a local emissionrate, K locsS as the rate of SD emission per one surface atom of the ED:
K locsS ¼ vsb ceqsS ¼ Dsb2 ceqsS : (9)
In the absence of the radiation field, one has ceqsS ¼ cthsS , which can be obtained from ther-modynamics by minimizing the free energy of the system containing identical EDs. Underirradiation, ceqsS is generally given by the sum of cthsS and cirrsS due to the radiation-inducedemission of SDs. Here, cirrsS has a purely kinetic origin and cannot be obtained from ther-modynamic considerations. However, one can evaluate cirrsS from the radiation-inducedlocal emission rate, K irrsS ¼ DscirrsS=b2, which is given by the ratio of the emission ratefrom all EDs of type S, KsS (Eq. (4)), and the number of ED surface atoms per unit
TABLE 1 Material Parameters of NaCl and Na Colloids Used in Calculations.
Parameter Value
Energy absorption rate, K (Mrad=hour) 240Probability of FP creation from the exciton decay in thebulk, PFP 0.1FP production rate, FP per ion per second 3.1 10ÿ6Probability of SD creation at ED of type S by a trappedexciton, PsS 1Mean diffusion path of the exciton before it decays, lex 20Atomic spacing, b (nm) 0.398Dislocation density, rd (mÿ2) 5 1014Diffusion coefficient of H-centers, DH (m2 sÿ1) 10ÿ6exp(ÿ0.1 eV=kT)Diffusion coefficient of F-centers, DF (m2 sÿ1) 10ÿ6exp(ÿ0.7 eV=kT)Formation energy of F centers, E fF (eV) 1F–H recombination rate constant, br (mÿ2) 5 1020Exiton-impurity recombination rate constant, bex (mÿ2) 5 1020NaCl shear modulus, m (GPa) 12.61NaCl Poisson ratio 0.33Na colloid bulk modulus (GPa) 6.3Colloid surface energy, g (J=m2) 0.01Atomic volume of the host lattice, o (mÿ3) 4.4 10ÿ29Dilatation volume of H center (OH=o) 1Dilatation volume of F center (OH=o) ÿ0.8Dislocation bias, dd 0.1Colloid misfit, e 0.068
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volume. In the case of dislocations (1D), grain boundaries (2D) and colloids (3D) one has,respectively
K irrsD ¼ KsD2prDrDb ¼ jk2D ¼ ZDexrDj ¼
K0FPPFP
ZDexl2ex2prDb , ZDex ¼
2pln (p=kDrD) , (10)
K irrsG ¼ KsG3b=lG ¼
K0FPPFP
ZDexl2exlGk2G3b , k2G ¼ ktotlG coth[ktotlG]ÿ
1ktotlG
 ÿ1,
k2tot ¼ k2ED þ k2I , (11)
K irrsC ¼ KsD4pNCR2Cb ¼ jk2C ¼ 4pNCRCj ¼
K0FPPFP
l2exbRC , (12)
cirrsS ¼ K irrsS  b2Ds , Ds ¼ Ds(T )þ
K0FPPFP l2exbexb2, ceqsS ¼ cthsS(T )þ cirrsS (13)
where ZDex and rD are the dislocation capture efficiency and capture radius forexcitons, respectively, and lG is the grain size. Note that radiation-induced PD diffusion isalso taken into account in Eq. (13) by assuming that a PD can jump to an adjacent siteupon receiving the exciton energy. As a result, both diffusion and emission ofPD from ED are determined generally by the sum of the thermal and radiation-inducedcontributions.Note that thermal equilibrium can be realized only in a system with identical ‘‘sinks’’ inthe absence of the radiation field. Similarly, if thermal emission and bulk production of FPswere forbidden (cthsD ! 0, lex !1), the mean PD concentrations in a crystal with identicalEDs under irradiation would coincide with cirrsS , and hence there would be no flux across theirsurfaces, which means that cirrsS is an exact kinetic analogue of the thermodynamic equili-brium concentration, which operates in the open, i.e. ‘‘non-equilibrium’’ radiation environ-ment. Accordingly, it depends on the irradiation dose rate and microstructural parameters,which determine the rate of the exciton annihilation with EDs.The type of SDs produced owing to the heat generated during the exciton annihilationwith EDs is different for different EDs. Dislocations and grain boundaries have to emitequal numbers of anion (vþa ) and cation (vÿc ) vacancies or F and VF centers. On the otherhand, colloids can only emit F-centers, which causes shrinkage as some of the emittedF-centers will diffuse away and are absorbed by other EDs. Colloids can also absorb F-centersemitted by particular EDs, and the net growth or shrinkage rate of each one is determined bythe difference between its local equilibrium concentration and the statistical average of thelocal equilibrium concentrations for all EDs in the system, cirrsS . This difference is nonzero ifat least two types of EDs are present, since cirrsS depends on the ED type as follows fromEqs. (10) to (13). Figure 3a shows that cirrsC depends on the colloid radius and is larger thancirrsD for small colloids making them shrink in the presence of dislocations. This radiation-induced ‘‘annealing’’ is very similar to thermal annealing but its rate depends on theirradiation dose rate and the microstructure.A comparison of the thermal and radiation-induced equilibrium F-center concentrations atcolloids for a typical laboratory dose rate (Fig. 3b) shows that the latter dominates completelyat temperatures below 100 C. In the following section, the radiation-induced emission ofSDs will be taken into account in the net growth rate of colloids together with the absorptionof FPs produced in the bulk.
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3.2 The Effects Associated with Radiation-induced Schottky Defect Emission
An edge dislocation is biased towards absorption of H-centers due to stronger elastic inter-action with these centers as compared to F-centers. The dislocation bias is determined by theratio of the relaxation volumes associated with H and F-centers, OH=OF , and it is given bythe following expression [7, 8]
dd ¼ ZDH ÿ ZDFZDF ¼
ln (OH=jOF j)ln (2=LHkH ) , LH 
mb(1þ v)3pkBT (1ÿ v)OH (14)
where m is the shear modulus of the matrix, v is the Poisson ratio, kH is the square root of thetotal sink strength of all extended defects for H-centers, and kB is the Boltzmann factor. Dueto the dislocation bias for H-centers, the excess F-centers, which are left in the matrix, mightagglomerate.Agglomeration of F-centers gives rise to the formation of colloidal Na-metal with a crystallattice, which is expected to be coherent with the host matrix as long as the colloids are suffi-ciently small. In this coherent state, there exists a misfit, e, which is equal to the differencebetween the lattice constants of the colloid and that of the host lattice. A positive (or negative)misfit means that the colloid is under compressive (or tensile) stress with a radial component
se. In NaCl, coherent sodium colloids have a negative misfit of about 6%, which increases thethermal equilibrium concentration at the colloid surface:
cthFC ¼ c(e)F exp 2gokBTRC þ
seokBT
 , c(e)F ¼ exp ÿ EfFkBT
 !
, se  ÿ 3KCe1þ 3KC=4m , (15)
where KC is the colloid bulk modulus, g is the colloid surface energy, EfF is the formationenergy of the F-center at a flat colloid–matrix interface.The growth rate of the colloid volume fraction calculated using Eq. (5) taking into accountboth thermal (Eq. (15)) and radiation-induced (Eq. (13)) dissolution is presented in Figure 4as a function of irradiation temperature and impurity concentration.It can be seen that exciton-induced emission of Schottky defects suppresses colloid growthand can make the growth rate negative for sufficiently ‘‘pure’’ crystals (CIFP< 100 appm) atany irradiation temperature (Fig. 4a). Impurity ions, which are capable to trap excitons andproduce Frenkel pairs enhance the colloid growth drastically, since they screen EDs fromexcitons. By increasing CIFP to about 104 appm, the SD emission is suppressed and thecolloid growth rate saturates at its maximum value corresponding to the ‘‘classical’’ limitof FP production in the bulk (lex¼ 0), in which the rate of colloid growth does not dependon the impurity concentration (Fig. 4b).On the other hand, impurity ions, which can trap excitons without producing Frenkel pairs,act in the opposite direction and reduce colloid growth rate, since they suppress both theproduction of FPs in the bulk and emission of SDs from EDs. Unintentional contaminationof nominally ‘‘pure’’ crystals up to 100 appm of impurities of both types results in asubstantial enhancement of colloid growth, which can be further increased by addition ofFP producing impurities (Fig. 5a) or decreased by addition of impurities suppressing FPproduction (Fig. 5b).These trends shed some light on our recent experimental results on electron irradiation ofnatural and differently doped synthetic NaCl crystals to super high doses (Fig. 5b).Nominally pure samples produced very different amounts of colloidal sodium rangingfrom 3% to 22% after 1000Grad, which is consistent with the theoretical prediction of theinstability of colloid growth for low impurity levels. All samples containing 400 appm of
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FIGURE 5 Dose dependence of the colloid volume fraction in NaCl for K¼ 1Grad=h, T¼ 100 C calculatedassuming NC¼ 2 1016 cmÿ3, rD¼ 5 1010 cmÿ2. The calculations have been carried out for samples with differentimpurity concentrations. The concentration of impurity ions, which can trap excitons and produce Frenkel pairs, CIFPis indicated in the figures. The concentrations of impurity ions, which can trap excitons without producing Frenkelpairs are, CI0¼ 100 appm (a); or CI0¼ 1000 appm (b). The symbols represent the experimental results of irradiatednatural (results published by Donker and Garcia Celma [22]) and our own results for synthetic samples doped withNaBr (400 appm), NaF (1000 appm) and KBF4 (300 appm).
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Br produced at most about 3% of colloidal sodium, while other dopants enhanced the colloidproduction, which suggests that Br doping may suppress FP creation in the bulk and otherdopants do not.It should be noted that in the ‘‘classical’’ limit of FP production in the bulk (lex¼ 0), therate of colloid growth does not depend on the impurity concentration.
4 DISCUSSION AND CONCLUSIONS
In the present paper, a model has been proposed that takes into account excitonic formationof Frenkel and Schottky defects, which shows that although the contribution of Schottkydefect formation to the primary defect production may be small, its role in the radiation-induced evolution of microstructure can be very significant. These observations mighthave serious consequences for predictions of the behavior of the materials in nuclear reactorsor in a nuclear waste repository. The predictions can be made on the basis of the results oflaboratory irradiation (which is several orders of magnitude more intense than the real one) incombination with an adequate model describing the temperature and dose rate dependence ofthe formation of radiation damage. Figure 6 shows the temperature and dose rate dependenceof the growth of the volume fraction of Na-colloids in nominally pure NaCl under laboratoryirradiation (for 240Mrad=h to 1Grad=h) and in a repository (which can be 0.2Mrad=h andlower). A significant new result is the predicted radiation-induced dissolution of colloids inthe region of sufficiently low temperatures (or high dose rates), which should be verifiedexperimentally in the future. Another important application of the results presented in thispaper is connected with the impurity effect. In real crystals, there are always impuritieswith some concentration. These impurities might, depending on the type, either increaseor decrease the ratio of Frenkel to Schottky defect production. A combination of these oppo-site trends might be responsible for the large differences observed for the response to irradia-tion among the NaCl samples doped with different impurities.We need to collect more information about the material parameters controlling the ratio ofFrenkel to Schottky defect production, such as lex, in order to make definite conclusions, andfurther experiments are needed to verify those predictions of the model, which are relevantfor technological applications.
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